Abstract-MgB 2 bulk magnets are one of the attractive bulk superconductors because they have homogeneous trapped field distribution, low material costs, lightweight, and so on. Pulse-field magnetization (PFM) also has some effective advantages in the point of view of compact setup, shorter magnetizing time, and an inexpensive way to magnetize the bulk samples. However, the trapped field by PFM is inferior to those by field cooling magnetization due to the heat generation caused by sudden changes of the magnetic flux motion. Especially, the temperature rise is remarkable for MgB 2 bulk magnets because of its low specific heat. In this study, we have carried out the PFM technique for five-stacked or three-stacked MgB 2 bulk samples to analyze the flux-invasion behavior. These samples were fabricated by ball-milling and hotpressing. As a result, maximum trapped field of B T = 0.64 T was obtained at 14.6 K at the center of the topmost sample when the external magnetic field B ex of 0.90 T was applied. As B ex increases further, B T were dramatically decreased because of heat generation. Furthermore, flux jumps frequently took place in the applied field higher than 2.0 T.
I. INTRODUCTION
T HE high temperature superconducting (HTS) bulks as typified by the REBaCuO bulk superconductors (RE = Y, Sm, Dy, Gd, Eu; RE123 for short) are considered for practical applications such as the drug delivery system (DDS), the magnetic separation, the nuclear magnetic resonance (NMR) because they act as strong quasi permanent magnets [1] , [2] . The fabrication of single domain HTS bulk needs the melt-texturing process to reduce its weak-link behavior at the grain boundary. On the other hand, MgB 2 bulk superconductor has no weak-link problem [3] , [4] . Therefore, MgB 2 bulk can be fabricated by sintering without crystal growth. Not only that, it also has some advantages T. Miyazaki, S. Fukui, J. Ogawa, T. Sato, and T. Oka are with the Niigata University, Niigata 950-2181, Japan (e-mail: f15c082d@mail.cc.niigata-u.ac.jp; fukui@eng.niigata-u.ac.jp; ogawa@eng.niigata-u.ac.jp; takaos@eng.niigata-u. ac.jp; okat@eng.niigata-u.ac.jp; w.haessler@ifw-dresden.de).
J has gradually advanced by the field cooling magnetization (FCM). Recently, the strongest trapped field of 5.4 T was reported at 12 K on a MgB 2 bulk [6] .
Considering the engineering applications, useful equipment for the magnetization is also an important element. The pulsedfield magnetization (PFM) is an effective technique in the point of view of compact setup, shorter magnetizing time and an inexpensive way to magnetize the bulk samples. However, trapped field B T produced by PFM are normally less than those by FCM due to large heat generation. The dynamic flux motion in the bulk sample causes the local heat and the critical current density to become lower, resultantly degrading the trapped field ability [7] . From the fact, it is required to restrain the heat generation in bulk sample during PFM, so that several effective processes for PFM have been reported so far. Iteratively pulsed-field operation with reducing amplitude (IMRA method) is profitable for high-J c bulks. In the method, the heat generation decreases in the stages of successive pulsed-fields applied to the sample at the same temperature. B T = 3.6 T was attained at 30 K on the SmBaCuO bulk superconductor by the IMRA method [8] . Sander et al. reported that iterative pulsed-field process with cooling temperature, which is also effective for trapped field [9] . The record-high trapped field B T by PFM is 5.2 T at 30 K on the GdBaCuO bulk superconductor with 45 mm in diameter using the modified multi-pulse technique with stepwise cooling (MMPSC) [10] . Furthermore, HTS bulks grown from two seeds are effective for control the magnetic flux invasion into the bulk [11] .
In contrast to PFM for REBaCuO bulks, trapped field B T on MgB 2 bulks by PFM are inferior to those on REBaCuO bulks because of their low specific heat. However, PFM for MgB 2 bulks is great interest to study when we consider the potential of MgB 2 bulks. Recently, Fujishiro et al. reported a record-high trapped field B T of 1.1 T at 13 K on a high-J c MgB 2 bulk of 22 mm diameter and thickness fabricated by hot isostatic pressing (HIP) [12] .
In this study, we have carried out the PFM technique for five-stacked or three-stacked MgB 2 bulk samples to analyze the flux-invasion behavior. In addition, we investigated that the effect of total thickness on the trapped field B T .
II. EXPERIMENTAL PROCEDURE

A. Preparation of MgB 2 Bulk Samples
Five MgB 2 bulk samples of 20 mm in diameter were synthesized by hot-pressing. For preparation of the precursors, we used Mg powder from Goodfellow (purity 99.8%, grain size <250 µm) and the amorphous B powder from PAVEZYUM (purity 98.5%, grain size <1 µm). These powders were mixed by the ball-mill in the stoichiometric ratio of 1: 2 with tungsten carbide (WC) balls under Ar atmosphere, and then the planetary ball mill was employed at 250 rpm for 10 h. The precursors were sieved to adjust the grain size to less than 100 µm, and then sintered by the hot-pressing with applying pressure of 480 MPa at 700°C for 10 min. Five MgB 2 bulk samples were obtained as indicated in Table I . All samples were fabricated under the same condition, namely with differences only in thickness. The temperature dependence of the trapped field B Fig. 2 shows the illustration of the experimental setup for the PFM. MgB 2 bulk samples were set in the vacuum chamber as shown in Fig. 3(a) and (b) . The samples were arranged in the order of (a) MH4-3-5-2-1 (five-stacked samples, 6.08 mm in total thickness, 3.3 in aspect ratio) and (b) MH5-2-1 (threestacked samples, 3.58 mm in total thickness, 5.9 in aspect ratio) from a cold stage of a Gifford-McMahon (GM) refrigerator. In addition to this component, an iron yoke was placed between the samples and the cold stage to attract magnetic flux. The thermal contact conductance between both the bulks and the iron yoke and the iron yoke and the cold stage compensated for 99.9% pure indium sheets. The GM refrigerator cooled the samples to the lowest temperature of 14.6-15.0 K. The trapped field and magnetic flux motion for PFM were measured by the hall sensor (F. W. Bell, BHT 921), which was attached at the center of the topmost sample surface.
B. Pulsed Field Magnetization and Measurement
The external magnetic fields B ex were generated by feeding currents to the 112-turn copper magnetizing coil which was cooled to 77 K by the liquid nitrogen to reduce resistance. The 
III. RESULTS AND DISCUSSION
A. Trapped Field and Invaded Field on PFM Process
The trapped field B T vs the applied pulsed-field B ex measured at the center of the topmost sample are shown in Fig. 4 . In the figure, the black arrow shows the highest trapped field of 0.64 T in the study for the five-stacked samples. The highest trapped field was achieved at B ex = 0.90 T and the sample temperature T = 14.6 K. The B T is dramatically decreased due to the local heat in the samples when the field of not less than 1.0 T was applied, and then the B T became 0.25 T at B ex = 1.20 T. On the other hand, for the three-stacked samples, the maximum trapped field of 0.41 T was obtained at B ex = 0.50 T and T = 14.6 K. Furthermore, after obtaining the maximum trapped field, the B T is dramatically decreased to 0.16 T when the B ex = 0.60 T was applied to the five-stacked samples. Following the result, the B T for the five-stacked samples is 36% larger than that of the three-stacked samples. Moreover, as seen Fig. 4 , the B T characteristic for the five-stacked samples is clearly located in high applied field region compared with the three-stacked samples. This suggest that the aspect ratio of the sample may respond to the heat generation, namely smaller aspect ratio effectively act on the field trapping property. As the B ex increases, the losses based on the flux creeps were extremely B ex increased. On B ex = 2.00 T, the magnetic flux began to invaded in to the center of the topmost sample 3.9 ms after PFM starts, and 8.9 ms later from that, the magnetic field B in increased 1.55 T, and trapped field B T = 0.28 T, as shown in Fig. 5(c) . The time interval between the start of the applied field and the invaded field is shortened with increasing B ex . The magnetic field decreased by 82% on B in due to the heat generation that caused by the sudden change of the magnetic flux motion. The temperature increased by 0.3 K on B ex = 2.00 T at the cold head during the PFM though it was increased only 0.1 K on B ex = 0.9 T. It suggests that the higher heat generations took place in the bulk samples. For the higher applied field than B ex = 2.20 T, the flux jumps frequently took place. Fig. 5(d) shows the flux jump when the magnetic field of 2.20 T applied. It occurred from 231.2 ms to 237.2 ms after the starting time of PFM and the magnetic field decreased by 40%, compared with the field before the flux jump. Fig. 6 shows the maximum invasion field B in of the B ex at the center of the topmost sample. The B ex indicate external field generated by magnetizing coil, whereas the B in means that the highest peak value of the flux invasion that measured at the center of the bulk surface during the PFM processes. The magnetic flux never reaches the center of samples under B ex = 0.80 T for the five-stacked samples and B ex = 0.45 T for threestacked samples because B ex is low. When the higher B ex are applied, B in increased in proportion to B ex for each pattern. In the proportional region, B in for five-stacked samples were lower than that for the three-stacked samples. The phenomenon also suggest five-stacked sample indicates the stronger shielding effect compared with the three-stacked sample because of the height.
B. Time evolution profiles of invasion field
IV. CONCLUSION
We have carried out the PFM technique for the five-stacked or three MgB 2 bulk samples. These samples were fabricated by the hot-pressing of ball-milled Mg and the amorphous B powders. As the result, the maximum trapped field of B T = 0.64 T was attained at 14.6 K for five-stacked samples (6.08 mm in total thickness) when the external magnetic field B ex = 0.90 T was applied. On the other hand, for the three-stacked samples (3.58 mm in total thickness), the maximum trapped field of 0.41 T was obtained at B ex = 0.50 T and T = 14.6 K. This suggests that the aspect ratio of the sample may respond to the heat generation and the resultant field trapping property. As the B ex increases, B T value was dramatically decreased because of the heat generation. Furthermore, the flux jumps frequently took place in the higher applied field of than 2.0 T.
